1. Introduction {#sec1}
===============

Rice (*Oryza sativa* L.) is the main food crop of more than one-half of the world\'s population and grows worldwide. Rice production has to be increased 1% per annum to deliver sufficient rice for an evergrowing population of rice-consuming countries \[[@B1]\]. According to the Food and Agriculture Organization (FAO), hybrid rice technology is the key approach for the increase of global rice production \[[@B2]\]. It has a 15--30% advantage in yield over modern inbred rice varieties \[[@B3]--[@B5]\] but does not frequently exhibit higher yield potential \[[@B3], [@B6]--[@B11]\]. Higher grain yield of hybrid rice is an intricate outcome of genotype and environment interaction.

Higher dry matter accumulation before heading, longer leaf area duration, higher LAI, and higher photosynthetic capability at the grain filling period are the essentials for achieving higher yield of rice \[[@B6], [@B12]--[@B15]\]. However, the findings of previous studies on hybrid rice suggest cross talk about the physiological causes of its higher yield. Many investigators reported that greater biomass accumulation before heading and higher shoot reserve translocation are the decisive factors of higher yield in hybrids \[[@B16]--[@B21]\]. On the other hand, Yan et al. \[[@B22]\] and Yang et al. \[[@B8]\] reported that hybrid rice had higher productivity after heading but translocation of assimilates was inefficient (source use efficiency). Separately, Lafarge and Bueno \[[@B1]\] stated that higher yield of hybrid was the result of better sink regulation.

Poor grain filling is the cause of poor grain yield in hybrids \[[@B8], [@B10], [@B23]\]. Chlorophyll content reflects the intensity of plant photosynthetic capacity and the extent of leaf senescence \[[@B24]\]. Slow senescence and stronger photosynthetic capability of flag leaf, higher LAI at grain filling period, and higher postheading-CGR are the prerequisites for higher yield in hybrid rice \[[@B25]--[@B28]\]. The postanthesis decline in leaf area at specially the ripening stage was higher in the hybrid compared to the inbred \[[@B17]\]. Whereas, some investigators mentioned that the hybrid has the lower single-leaf photosynthetic rate throughout the whole growth period and greater LAI contributes to the heterosis in biomass production and grain yield \[[@B3], [@B29], [@B30]\]. So, the available information on photosynthetic capability of flag leaf, the roles of shoot reserve translocation, and postheading crop growth rate to higher grain yield of hybrid rice varieties are still controversial. Therefore, it is imperative to clarify this controversy on hybrid rice varieties.

Keeping the above facts in mind, the present investigation was undertaken to study source-sink relation, shoot reserve translocation, source activity, and yield attributes of hybrid rice varieties at gradually rising temperature environments in order to clarify whether the greater accumulated biomass induced-higher remobilization or postheading photosynthetic capability plays a key role in the higher yield of hybrids. In addition to this, the physiological characteristics of flag leaf in hybrid and elite inbred rice were also studied.

2. Materials and Methods {#sec2}
========================

2.1. Experimental Sites, Design, and Crop Husbandry {#sec2.1}
---------------------------------------------------

The field experiments were conducted with two hybrids (BRRI hybrid dhan2 and Heera2) and one elite inbred (BRRI dhan45) rice varieties at the Experimental Farm of Sher-e-Bangla Agricultural University, Dhaka (23°77′N, 90°37′E and altitude of 9 m), and Bangladesh Rice Research Institute, Gazipur (23°99′N, 90°39′E and altitude of 8.4 m), Bangladesh in dry (*Boro*) seasons (December to May) of 2008-2009 and 2009-2010, respectively. Four planting dates were maintained, namely, 20 December, 5 January, 20 January, and 5 February. Soil of the experimental plots was medium highland with upper-middle range fertility. Properties of the top soil (0--15 cm.) of the experimental plots are summarized in [Table 1](#tab1){ref-type="table"}. The experiments were laid out in a split-plot design with three replications, placing planting dates in the main-plots and varieties in the subplots. The unit plot size was 20 m^2^ (5.0 m × 4.0 m). One seedling (30 days old) was transplanted per hill maintaining 25 cm × 15 cm spacing. A single plot was comprised of 20 lines and each line contained 26 hills. A buffer (levee) of 0.5 m, 0.5 m, and 1.0 m was kept in between subplots, main-plots, and blocks, respectively. Cow-dung was applied @ 10 t ha^−1^ and chemical fertilizers as urea, triple superphosphate, muriate of potash, gypsum, and zinc sulphate were applied @ 270-130-120-70-10 kg ha^−1^, respectively \[[@B31]\]. Cow-dung was applied 15 days before land preparation. All the fertilizers were applied as basal except urea which was applied as top dressing in 3 equal installments at 15 days after transplanting (DAT), tillering stage (30 DAT), and panicle initiation stage (45 DAT). Climate of both experimental sites is similar. Temperature, solar radiation, and sunshine hours gradually increase from January to April. Rainfall is scanty or absent in early dry season (December-January). Weather conditions of the experimental seasons are shown in [Table 2](#tab2){ref-type="table"}.

2.2. Plant Materials {#sec2.2}
--------------------

The BRRI hybrid dhan2 is a popular indica hybrid rice variety developed by Bangladesh Rice Research Institute (BRRI) in 2008. It is recommended for cultivation in both dry seasons of Bangladesh. The Heera2 (HS-273) is the most popular indica hybrid rice variety, imported from China and occupied about 70% of total hybrid rice cultivated area in Bangladesh. Both hybrids mature in 140 to 145 days during the dry seasons (December to May) \[[@B31]\]. Also, BRRI dhan45 is a high yielding inbred variety for dry season and was developed by BRRI in 2005 through crossing between BRRI dhan2 and TETEP. Originally, this variety was developed from the breeding line BR5778-21-2-3 and its duration of growth ranges from 140 to 145 days.

2.3. Sampling and Measurements {#sec2.3}
------------------------------

Five plants were sampled at 10-day intervals starting from 20 DAT up to maturity. At first sampling, hills were selected from the third rows and the next two rows or three hills were left for subsequent sampling to minimize the border effect. Leaf area (LA) was measured by an automatic leaf area meter (Model: LI-3100, Li-COR, Lincoln, NE, USA.) just after removal of leaves to avoid rolling and shrinkage and transformed into leaf area index (LAI) according to Yoshida \[[@B32]\].

Ten plants were sampled from each plot at heading and at maturity. All the plant samples were separated into root, leaf blades (leaf), culm and sheath (stem), and panicles. Dry matter of each component was determined after drying at 72°C for 3 days to have constant weight. The preanthesis shoot (stem + leaf) reserve translocation was calculated by net loss in dry weight of vegetative organs between preanthesis and maturity \[[@B33]\].

Flag leaves were sampled from main tillers at 2, 9, 16, and 23 days after flowering and a 20 mg segment from middle portion of the flag leaf was used for chlorophyll analysis. Flag leaf chlorophylls were extracted using 80% acetone solution and were estimated with a double beam spectrophotometer (Model: U-2001, Hitachi, Japan) according to Witham et al. \[[@B34]\]. Flag leaves from the main tiller of five representative plants of each plot were used to measure photosynthetic rate with a portable photosynthesis analyzer (Model: LI-6400, Li-COR Inc. USA) at 2, 9, 16, and 23 days after flowering under clear sunshine from 11.00 am to 12.30 pm when photosynthetically active radiation at the top of the canopy ranged from 1300 to 1400 *μ*mol m^−2^ s^−1^. Then, the five readings were averaged for the plot.

Plants of 12 hills from each plot were harvested at maturity to record the yield contributing components. Plants from the central 6 m^2^ undisturbed area in each plot were harvested at maturity and grain yields were recorded.

Postheading crop growth rate as an index of plant productivity in grain filling period was calculated as the increase of plant dry matter per unit time and measured by taking the total dry matter at heading and at maturity \[[@B35]\]. Ratio of spikelets number to leaf area (at heading) and ratio of yield sink to leaf area (at heading) were calculated according to Zhao et al. \[[@B36]\]: $$\begin{matrix}
{\text{Ratio}{\,\,}\text{of}{\,\,}\text{spikelets}{\,\,}\text{no}.{\,\,}\text{to}{\,\,}\text{leaf}{\,\,}\text{area}{\,\,}\left( \text{cm}^{- 2} \right)} \\
{\quad = \frac{\text{Spikelets}{\,\,}\text{number}}{\text{Leaf}{\,\,}\text{area}{\,\,}\text{at}{\,\,}\text{heading}},} \\
{\text{Ratio}{\,\,}\text{of}{\,\,}\text{yield}{\,\,}\text{sink}{\,\,}\text{to}{\,\,}\text{leaf}{\,\,}\text{area}{\,\,}\left( {\text{mg}\,\text{cm}^{- 2}} \right)} \\
{\quad = \frac{\text{Yield}{\,\,}\text{sink}}{\text{Leaf}{\,\,}\text{area}{\,\,}\text{at}{\,\,}\text{heading}}.} \\
\end{matrix}$$ Ratio of accumulated grain dry matter from current photosynthate (GDMCPn) to average leaf area (heading to maturity) was estimated using the following formula: $$\begin{matrix}
{\text{Ratio}{\,\,}\text{of}{\,\,}\text{GDMCPn}{\,\,}\text{to}{\,\,}\text{LA}{\,\,}\left( {\text{mg}\,\text{cm}^{- 2}} \right)} \\
{\quad = \frac{\text{Yield}{\,\,}\text{sink} - \left( {\text{panicle}{\,\,}\text{wt}.{\,\,}\text{at}{\,\,}\text{heading} + \text{remobilization}} \right)}{\text{Leaf}{\,\,}\text{area}{\,\,}\left( {\text{heading}{\,\,}\text{to}{\,\,}\text{maturity}} \right)}.} \\
\end{matrix}$$ Current photosynthate accumulation panicle^−1^ (CPA) was computed using the following formula: $$\begin{matrix}
{\text{CPA}{\,\,}\text{panicle}^{- 1}\left( \text{g} \right)} \\
{\quad = \text{Av}.{\,\,}\text{panicle}{\,\,}\text{wt}.{\,\,}\text{at}{\,\,}\text{maturity}} \\
{\quad\quad - \left( {\phantom{+ \text{av}.{\,\,}\text{remobilization}{\,\,}\text{panicle}^{- 1}}\text{av}.{\,\,}\text{panicle}{\,\,}\text{wt}.{\,\,}\text{at}{\,\,}\text{heading}{\,\,}} \right.} \\
{\left. {\quad\quad\quad   + \text{av}.{\,\,}\text{remobilization}{\,\,}\text{panicle}^{- 1}} \right).} \\
\end{matrix}$$

2.4. Statistical Analysis {#sec2.4}
-------------------------

Collected data were put to analysis of variance (ANOVA) technique and the means were compared by the Duncan multiple range test (DMRT), using the statistical computer package program MSTAT-C \[[@B37]\]. Correlation and regression analyses were done using Microsoft Excel software.

3. Results {#sec3}
==========

3.1. Grain Yield and Its Attributes {#sec3.1}
-----------------------------------

The grain yield and its attributes of the tested varieties at different planting dates have been shown in [Table 3](#tab3){ref-type="table"}. In both the years, the maximum grain yield for all varieties was achieved at early planting dates (20 December) and there was a gradual decreasing trend observed in delayed planting. An almost similar trend was found in the case of panicle numbers m^−2^. Grain yield ranged from 4.44 to 7.42 t ha^−1^ for BRRI hybrid2, 4.37 to 8.03 t ha^−1^ for Heera2, and 4.57 to 6.16 t ha^−1^ for inbred BRRI dhan45 for all planting dates in both the years. The hybrids Heera2 produced significantly higher grain yield over inbred BRRI dhan45 at all planting dates except 5 February planting and an almost similar trend was observed for BRRI hybrid dhan2. The hybrids exhibited significantly lower number of panicles m^−2^ and on average 33.95% higher number of spikelets panicle^−1^ compared to the tested inbred, irrespective of planting date. Higher yield of Heera2 and BRRI hybrid dhan2 was attributed to the greater number of spikelets panicle^−1^ along with larger and heavier grain size. The studied hybrid and inbred varieties produced statistically similar grain yield at delayed planting (5 February) in 2008-09 and 2009-10, which was associated with rapid reduction of the number of filled grain percentage in hybrid varieties. Filled grain percentage of inbred BRRI dhan45 was more or less stable at different planting dates. This may be due to intrinsic genotypic characters or the well adaptability of the inbred BRRI dhan45 to the environment.

3.2. Flag Leaf Chlorophyll Content and Its Chlorophyll a : b Ratio {#sec3.2}
------------------------------------------------------------------

The studied hybrid varieties synthesized significantly higher amounts of chlorophyll and maintained higher chlorophyll a : b ratio in their flag leaf over inbred BRRI dhan45 ([Table 4](#tab4){ref-type="table"}). Flag leaf chlorophyll content and chlorophyll a : b ratio gradually decreased in the hybrid and inbred varieties with advanced maturity. Reduction of chlorophyll content at 23 days after flowering compared to 2 days after flowering was 33 and 36% in hybrids and inbred, respectively. Planting dates had little influence on flag leaf chlorophyll content. Chlorophyll a : b ratio of the flag leaf was higher in both the hybrids. However, environmental influence on total chlorophyll content of flag leaf was relatively small.

3.3. Flag Leaf Photosynthetic Rate {#sec3.3}
----------------------------------

Photosynthetic rate of flag leaf at 2, 9, 16, and 23 days after flowering is presented in [Table 5](#tab5){ref-type="table"}. There was no significant difference among the tested hybrid and inbred varieties with respect to flag leaf photosynthetic rates at different days after flowering except at 23 days after flowering. Photosynthetic rate of flag leaf ranged from 33.29 to 34.75 *μ*mol CO~2 ~m^−2^ s^−1^ among the varieties and from 32.25 to 35.25 *μ*mol CO~2 ~m^−2^ s^−1^ among different planting dates at 2 days after flowering. The photosynthetic rate gradually decreased with the advance of grain filling period. At 23 days after flowering, Heera2 and BRRI hybrid dhan2 showed significantly higher photosynthetic rate than BRRI dhan45, but the studied hybrid and inbred varieties exhibited decreasing trend of photosynthetic rate of the flag leaf at 9, 16, and 23 days after flowering in all planting dates. The Heera2 and BRRI hybrid dhan2 showed considerable decrease in flag leaf photosynthetic rate 9 days after flowering in the 5 February planting. This shows the poor performance of Heera2 and BRRI hybrid dhan2 for the delayed planting dates.

3.4. Shoot Reserve Translocation {#sec3.4}
--------------------------------

Dry matter accumulation at heading and its remobilization to the grain of the tested hybrid and inbred varieties at four planting dates for two year have been shown in [Table 6](#tab6){ref-type="table"}. In each year, dry matter accumulation of hybrid Heera2 and BRRI hybrid dhan2 at the heading stage was higher than that of elite inbred BRRI dhan45, but the dry matter accumulation decreased 28% and 17.5% in the studied hybrids and inbred at 5 February planting compared to 20 December planting. The shoot reserve translocation (%) to grain varied among the different planting dates and gradually decreased with delayed planting. Studied hybrids exhibited 7.5% higher shoot reserve translocation to grain over inbred BRRI dhan45 at all planting dates except 5 February planting and the magnitude of decreasing assimilate remobilization rate to grain was steeper in hybrids and was in the order of Heera2 (60%) \> BRRI hybrid dhan2 (41%) \> inbred BRRI dhan45 (19%).

3.5. Leaf Area Index {#sec3.5}
--------------------

Leaf area index (LAI) increased gradually in all the tested varieties in all the planting dates up to heading and in most of the cases the differences are nonsignificant. Thereafter, the reduction of LAI is greater in inbred than that of hybrids ([Figure 1](#fig1){ref-type="fig"}). As an outcome, the hybrid varieties sustained higher LAI after heading to maturity over inbred BRRI dhan45 regardless of planting dates. Days to heading decreased gradually with delayed planting and the magnitude of reduction was almost similar in the hybrid and inbred varieties. However, the maximum LAI was recorded from Heera2 (6.36) at heading stage followed by BRRI hybrid dhan2 (5.94) while it was significantly lower in BRRI dhan45 (5.10) at 20 December planting of 2008-09. The maximum value of LAI gradually decreased in hybrid and inbred varieties with delayed transplanting due to reduction of vegetative phase. The leaf area development of studied varieties at different planting dates in 2009-10 was more or less similar to the previous year. This result revealed that hybrid rice varieties maintained significantly greater LAI from heading to maturity stage compared to the inbred.

3.6. Source-Sink Relation and Postheading Crop Growth Rate {#sec3.6}
----------------------------------------------------------

Ratio of spikelets number to leaf area (at heading), yield sink to leaf area (at heading), and grain dry matter accumulated from current photosynthetic assimilation to leaf area (average from heading to maturity) were reflected the source-sink relation in the studied hybrid and inbred varieties ([Table 6](#tab6){ref-type="table"}). The Heera2 and BRRI hybrid dhan2 varieties had considerably larger sink and produced higher yield sink per unit leaf area over BRRI dhan45. Inbred BRRI dhan45 exhibited higher ratio of grain dry matter accumulated from current photosynthetic assimilation to leaf area (average from heading to maturity) compared to both hybrids. In delayed planting (5 February) yield sink per unit leaf area was significantly decreased in tested varieties. Both the studied varieties and the different planting dates showed almost similar trends in postheading crop growth rate as that of yield sink per unit leaf area. Interaction effect of variety and planting date were nonsignificant in all the cases. These results indicated that BRRI dhan45 has the genotypic superiority over the tested hybrids with respect to postheading photosynthetic assimilation per unit leaf area.

4. Discussion {#sec4}
=============

Flag leaf is the main and most active photosynthetic source of grain yield in rice \[[@B32], [@B38], [@B39]\]. Chlorophyll content indicates photosynthetic efficiency of leaves \[[@B24], [@B40]\]. Tang et al. \[[@B41]\] reported that hybrid rice contains higher amounts of chlorophyll in their leaves. Islam et al. \[[@B42]\] found no variation in leaf chlorophyll content between hybrid and modern inbred varieties at*Boro* season (December to May) but in*Aman* season (July to December) recorded higher leaf chlorophyll content in hybrids over inbred rice varieties. In the present investigation flag leaf of the tested hybrid varieties contained higher amounts of chlorophyll and maintained higher chlorophyll a : b ratio over elite inbred BRRI dhan45. Fluctuation in flag leaf chlorophyll content was small among the different planting dates. It indicated that higher flag leaf chlorophyll content was the inherent characters of the studied hybrids. In this study there was no significant difference in flag leaf photosynthetic rate between the studied hybrid and inbred rice varieties, irrespective of planting dates. Cheng et al. \[[@B25]\], Poshtmasari et al. \[[@B27]\], and Tang et al. \[[@B41]\] reported higher photosynthetic capability of flag leaf in hybrid rice. However, Sinclair and Horie \[[@B29]\] and Peng et al. \[[@B3]\] reported that hybrid had lower single-leaf photosynthetic rate at grain filling phase as compared to inbred. Studied hybrid rice varieties showed slightly higher photosynthetic rate in flag leaf at 23 days after flowering. This may be due to the slow senescence of flag leaves and plants of the hybrids. Higher chlorophyll content in the flag leaves and its slow reduction toward maturity delayed senescence of the hybrid rice varieties ([Table 4](#tab4){ref-type="table"}). This observation was partially consistent with Peng et al. \[[@B3]\]. Therefore, it seems consistent that higher flag leaf chlorophyll content and chlorophyll a : b ratio of hybrids play a significant role to increase photosynthetic rate during grain filling period.

In early plantings (20 December and 5 January), studied rice varieties took longer in the vegetative phase. Due to vigorous vegetative growth at the middle growth stage, tested hybrid varieties accumulated significantly higher amounts of dry matter at heading over the inbred. Accumulated larger dry matter triggered better assimilate remobilization at the grain filling stage. Both the hybrids, Heera2 and BRRI hybrid dhan2, clearly superseded the elite inbred BRRI dhan45 in respect of assimilate remobilization from shoot reserve in early planting ([Table 6](#tab6){ref-type="table"}). A similar result was reported by several other investigators \[[@B1], [@B17], [@B19], [@B20], [@B43], [@B44]\]. Dry matter accumulation was steeper in Heera2 and BRRI hybrid dhan2 at early planting due to the low temperature induced-longer vegetative duration and efficient source activity. That means dry matter accumulation in the studied hybrid varieties before heading was highly thermosensitivity. Photosynthetic efficiency of the same genotypes varied markedly during different growth stages \[[@B45], [@B46]\]. The present study suggested accumulation of more dry matter before heading and its higher translocation into the developing grain during filling stage resulting in higher yield of hybrids over the modern inbred. This result was at par with the findings of Laza et al. \[[@B18]\], Jeng et al. \[[@B19]\], and Yang et al. \[[@B20]\]. The shoot reserve translocation was negatively correlated with the temperature of grain filling period. Hybrid rice varieties exhibited higher degree of sensitivity to temperature rising in regard to shoot reserve remobilization to grain compared to the inbred. For rising average daily temperature 1°C from 29°C, shoot reserve remobilization to the grain decreased at the rate of*ca.* 10.2% and 2.4% in the tested hybrid and inbred rice varieties, respectively ([Figure 2](#fig2){ref-type="fig"}, [Table 7](#tab7){ref-type="table"}).

In the case of early planting, higher biomass accumulation and rapid expansion of leaf area of the tested hybrids produced higher LAI just after heading and developed an efficient sink (large panicles). This higher leaf area index contributed to the supply of higher amount of photosynthate to the grain at the filling stage and finally contributed to the higher grain yield of hybrid Heera2 and BRRI hybrid dhan2. The ratio of grain dry matter accumulated from current photosynthate to average leaf area (from heading to maturity) was almost similar in hybrid and inbred rice varieties indicating that leaves other than the flag leaf of studied hybrid rice varieties had the lower photosynthetic capability at grain filling stage than inbred BRRI dhan45. This situation was aggravated by the rising temperature in delayed plantings. Besides these, shorter vegetative duration reduced dry matter accumulation and rising temperature impaired shoot reserves translocation. As a consequence, yield of hybrid varieties decreased rapidly compared to the inbred under delayed planting. Both the hybrid varieties showed relatively higher postheading-CGR at early planting due to their higher LAI at the grain filling period. Postheading photosynthetic dry matter accumulation panicle^−1^ in both the hybrids exhibited higher degree of thermosensitivity. Photosynthate accumulation panicle^−1^ decreased at the rate of*ca.* 0.2 g in the hybrids for rising average daily temperature 1°C from 29°C while this reduction rate was negligible in the inbred rice variety ([Figure 3](#fig3){ref-type="fig"}). It might be due to the intrinsic genetic trait or well adaptability of inbred BRRI dhan5 to environmental conditions. These results suggested that modern inbred BRRI dhan45 was efficient in source utilization at the grain filling stage under higher temperature. Grain filling is a deposition of starch from two sources: current photosynthate (60--100%) and remobilization (rest) from the reserve pool \[[@B23], [@B32], [@B47]\]. Grain filling index reflects the source-sink relationship \[[@B36]\]. Efficient assimilate supply to the grain from the source and the capacity of the sink to receive it determines the higher yield (grain filling percentage) and these processes depend highly upon environmental conditions \[[@B48], [@B49]\]. The percent of fertile spikelets gradually declines when daily mean temperature exceed 29°C \[[@B50]\] or 29.6°C \[[@B51]\]. Chakrabarti et al. \[[@B52]\] reported that pollen sterility gradually increased above 33°C. In spite of prevailing normal temperature one week before and after of flowering (data not shown) and normal appearance of spikelets, the number of filled grain as a percentage declined rapidly in studied hybrid varieties than in inbred BRRI dhan45 at delayed planting. This poor filled grain percentage was associated with lower postheading crop growth rate and also related to failure of assimilates supply to the spikelets due to rising temperature. Kobata et al. \[[@B48]\] reported that higher temperature limits the assimilate supply to meet the demand of grains. The photosynthetic rate of flag leaf significantly increased at flowering and then decreased rapidly in delayed planting ([Table 4](#tab4){ref-type="table"}). It reveals that translocation of dry matter from shoot to grain was relatively inefficient for hybrids in delayed planting. This result confirms the findings of Yan et al. \[[@B22]\]. Yang et al. \[[@B53]\]; Yang et al. \[[@B8]\]; and Wu et al. \[[@B28]\] reported that the more dry matter in the vegetative organ at heading contributes little to the grain due to poor transportation and remobilization of stored assimilates and these account for poor grain filling rather than source limitation in super- and intersubspecific hybrids. Large sink size or sink strength of hybrids creating higher demand for photosynthetic assimilates increased photosynthetic rate in flag leaf initially at delayed planting. Individual grain weight remained unchanged in hybrids at delayed planting indicating that physiological activity of the sink was not affected significantly due to rising temperature. However, the studied hybrids were more vulnerable to rising temperature in respect to assimilate translocation to grain than that of the inbred variety. To avoid the adverse effect of higher temperature, the hybrid varieties should be transplanted at the onset of the dry season.

5. Conclusion {#sec5}
=============

It is concluded that the tested hybrid rice varieties accumulate higher amount of dry matter before heading and maintain large LAI at the grain filling period compared to the inbred variety, irrespective of growing temperature. However, relatively high temperature impaired slow rate of remobilization and transportation of assimilates ultimately causes rapid reduction of the percentage of filled grain in the hybrids compared to the inbred variety.
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![Leaf area index (LAI) of hybrid and inbred varieties at different DAT in dry seasons, 2008-09 and 2009-10, respectively. (a) 20 December planting, (b) 05 January planting, (c) 20 January planting, and (d) 05 February planting. Vertical bars represent standard error (*n* = 3). Arrows indicate start of heading stage.](TSWJ2015-326802.001){#fig1}

![Relationship between the shoot reserve translocation percentage and average daily temperature from flowering to maturity. Average data of two dry seasons, 2008-2009 and 2009-2010 used.*R* ^2^ calculated as 5% level of significance.](TSWJ2015-326802.002){#fig2}

![Relationship between current photosynthate accumulation (CPA) panicle^−1^ and average daily temperature from flowering to maturity. Average data of two dry seasons, 2008-2009 and 2009-2010 used.*R* ^2^ calculated as 5% level of significance.](TSWJ2015-326802.003){#fig3}

###### 

Physical and chemical properties of the initial soil of the experimental plots.

  Characteristics                   Site 1^a∗^   Site 2^b∗^
  --------------------------------- ------------ ------------
  \% Sand                           29.97        13.08
  \% Silt                           54.86        44.25
  \% clay                           15.28        42.47
  Textural class                    Silty loam   Silty clay
  P^H^                              5.87         6.70
  Organic matter (%)                1.43         1.20
  Total N (%)                       0.08         0.13
  P (*μ*g/g soil)                   5.58         7.49
  S (*μ*g/g soil)                   7.89         7.25
  B (*μ*g/g soil)                   0.16         0.12
  Cu (*μ*g/g soil)                  0.15         0.27
  Fe (*μ*g/g soil)                  2.80         4.35
  Mn (*μ*g/g soil)                  0.74         1.63
  Zn (*μ*g/g soil)                  0.43         0.34
  Exchangeable K (meq/100 g soil)   0.10         0.17
  Ca (meq/100 g soil)               1.43         2.40
  Mg (meq/100 g soil)               0.35         0.87

^a^Department of Soil Science, Sher-e-Bangla Agricultural University, Dhaka 1207.

^b^Soil Science Division, Bangladesh Rice Research Institute (BRRI), Gazipur 1703.

^\*^Red brown terrace soil type.

###### 

Temperature, relative humidity (RH), total rainfall, solar radiation, and total sunshine hours of the experimental sites during dry seasons (December--May) in 2008-2009 and 2009-2010, respectively.

  ---------------------------------------------------------------------------------------------------------------------------------------
  Months/years              Air temperature (°C)^c^   RH at 2 pm.\   Total rainfall\   Solar radiation\   Total sunshine\           
                                                      (%)            (mm)              (Cal cm^2^)        (h)                       
  ------------------------- ------------------------- -------------- ----------------- ------------------ ----------------- ------- -----
  ^a^1st season (2008-09)                                                                                                            

   Dec 2008                 16.90                     25.57          21.24             70.5               0                 257.0   121

   Jan 2009                 14.84                     25.92          20.38             67.7               0                 237.3   148

   Feb 2009                 17.31                     29.79          23.55             63.0               1                 347.9   178

   Mar 2009                 21.52                     33.28          27.45             58.1               43                396.4   184

   Apr 2009                 25.86                     35.58          30.72             68.8               13                410.1   255

   May 2009                 25.19                     34.58          29.89             72.2               163               398.4   244

  ^b^2nd season (2009-10)                                                                                                            

   Dec 2009                 14.40                     25.29          19.85             74.9               0                 213.0   148

   Jan 2010                 11.81                     24.28          18.04             69.8               0                 235.0   164

   Feb 2010                 14.49                     29.05          21.81             71.8               15                339.9   194

   Mar 2010                 21.89                     34.71          28.30             75.8               17                405.3   236

   Apr 2010                 25.02                     35.29          30.16             70.3               58                394.4   215

   May 2010                 24.53                     33.87          29.21             72.6               207               394.1   232
  ---------------------------------------------------------------------------------------------------------------------------------------

^a^Sher-e-Bangla Agricultural University, (Bangladesh Meteorological Department, Climate and Weather Division) Sher-e-Bangla Nagar, Dhaka 1207.

^b^Plant Physiology Division, Bangladesh Rice Research Institute, (BRRI) Gazipur 1703.

^c^Monthly average of daily temperatures.

###### 

Yield and its attributes of hybrid and inbred rice varieties at different dates of planting in dryseasons, 2008-2009^¶^ and 2009-2010^¶¶^.

  Variety × planting date   Panicles m^−2^   Spikelets panicle^−1^   Filled spikelets (%)   1000-grain weight (g)   Grain yield^a^ (t ha^−1^)                                      
  ------------------------- ---------------- ----------------------- ---------------------- ----------------------- --------------------------- --------- ------- ------- -------- --------
  BRRI hybrid dhan2                                                                                                                                                                 
   20 December              278.5            270.4                   138.0                  131.9                   79.04ab                     79.5ab    26.53   26.84   7.42ab   6.78ab
   05 January               265.3            247.2                   132.7                  133.3                   78.73ab                     75.5bcd   26.93   26.76   6.84bc   6.10bc
   20 January               246.5            235.1                   133.6                  130.1                   76.23b                      70.2ef    27.06   26.43   6.06cd   5.66cd
   05 February              239.4            216.7                   131.3                  131.0                   66.49c                      66.4fg    26.96   26.88   5.34de   4.44f
  Hybrid Heera2                                                                                                                                                                     
   20 December              310.5            284.8                   130.2                  131.8                   79.00ab                     78.3abc   26.61   26.93   8.03a    7.31a
   05 January               285.0            256.9                   139.7                  136.4                   77.70ab                     75.2cd    27.39   26.04   7.65ab   6.21bc
   20 January               290.4            248.6                   125.4                  133.5                   78.67ab                     72.6de    27.03   26.54   7.28ab   5.59cd
   05 February              260.7            241.3                   128.8                  122.3                   64.81c                      63.2g     27.21   27.14   5.12e    4.37f
  Inbred BRRI45                                                                                                                                                                     
   20 December              322.3            308.9                   101.1                  95.2                    81.40ab                     81.7a     25.86   25.54   6.16cd   5.52cd
   05 January               303.8            278.7                   105.2                  97.08                   82.39a                      80.7a     25.54   25.16   5.74de   5.23de
   20 January               292.9            276.7                   99.3                   98.51                   81.28ab                     78.8abc   26.05   25.22   5.62de   4.77ef
   05 February              283.5            269.9                   96.8                   94.5                    80.99ab                     78.2abc   25.33   25.36   5.50de   4.57ef
                                                                                                                                                                                   
  Variety                   ∗∗               ∗∗                      ∗∗                     ∗∗                      ∗∗                          **∗∗**    ∗∗      ∗∗      ∗∗       ∗∗
  Planting date             ∗                ∗∗                      NS                     NS                      NS                          **∗∗**    NS      NS      ∗∗       ∗∗
  CV (%)                    8.71             9.30                    6.64                   8.80                    4.13                        3.31      3.86    3.06    8.24     7.42

Within a column for each site, means followed by the same letters are not significantly different according to DMRT at 5% level of significance. ^¶^site SAU, ^¶¶^Dhaka. site BRRI, Gazipur.

NS: nonsignificant at 5% level of significance.

^\*^Significant at 5% level of significance.

^\*\*^Significant at 1% level of significance.

^a^14% moisture contained in yield.

###### 

Comparison of flag leaf chlorophyll content and chlorophyll a : b ratio among hybrid and inbred rice varieties at different dates of planting in dryseason, 2009-2010^¶^.

  Variety/planting date      Total chlorophyll (mg g^−1^)   Chlorophyll a : b                                            
  -------------------------- ------------------------------ ------------------- ------- -------- ------- ------- ------- ------
  Hybrids                                                                                                                 
   BRRI hybrid dhan2         2.65b                          2.53a               2.16b   1.77b    3.18a   2.97a   2.41b   2.09
   Heera2                    2.80a                          2.57a               2.29a   1.87a    3.22a   2.88a   2.51a   2.13
   Inbred BRRI dhan45        2.05c                          1.80b               1.49c   1.30c    2.88b   2.63b   2.39b   1.99
  Planting dates                                                                                                          
   20 December               2.42                           2.32                2.05    1.71a    3.15    2.90    2.48    2.14
   05 January                2.52                           2.28                2.02    1.65ab   3.16    2.85    2.51    2.05
   20 January                2.52                           2.33                1.97    1.67a    3.07    2.77    2.39    2.06
   05 February               2.53                           2.28                1.89    1.56b    2.97    2.77    2.37    2.05
  Interaction                                                                                                             
   Variety × planting date   NS                             NS                  NS      NS       NS      NS      NS      NS
   CV (%)                    6.21                           5.73                7.30    6.69     5.01    5.79    3.93    6.65

Within a column, means followed by the same letter(s) are not significantly different at 5% level of probability by DMRT. ^¶^site BRRI, Gazipur.

NS: nonsignificant at 5% level of significance.

DAF: days after flowering.

###### 

Comparison of flag leaf photosynthetic rate among hybrid and inbred rice varieties at different dates of planting in dryseason, 2009-2010^¶^.

  Variety/planting date      Photosynthetic rate (*μ*mol CO~2~ m^−2^ s^−1^)                    
  -------------------------- ------------------------------------------------ -------- ------- --------
  Variety                                                                                       
   BRRI hybrid dhan2         34.14                                            28.83    21.59   15.01a
   Heera2                    34.75                                            29.22    21.28   15.23a
   Inbred BRRI dhan45        33.29                                            28.97    20.55   13.02b
  Planting date                                                                                 
   20 December               32.25b                                           30.40a   22.26   14.75
   05 January                34.12ab                                          30.11a   21.68   15.19
   20 January                34.60a                                           29.25a   20.99   14.08
   05 February               35.25a                                           26.27b   19.63   13.63
  Interaction                                                                                   
   Variety × planting date   NS                                               NS       NS      NS
   CV (%)                    4.64                                             5.50     9.73    6.14

Within a column, means followed by the same letter(s) are not significantly different at 5% level of probability by DMRT. ^¶^site BRRI, Gazipur.

NS: nonsignificant at 5% level of significance.

DAF: days after flowering.

###### 

Preanthesis dry matter accumulation in shoot and its translocation to the grain of hybrid and inbred rice varieties at different dates of planting in dryseasons, 2008-2009^¶^ and 2009-2010^¶¶^.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variety × planting dates   Shoot dry matter at\    Shoot dry matter at\   Changes in shoot\      Shoot reserve\                                      
                             preanthesis (g m^−2^)   maturity (g m^−2^)     dry matter (g m^−2^)   translocation (%)                                   
  -------------------------- ----------------------- ---------------------- ---------------------- ------------------- ---------- ---------- --------- ---------
  BRRI hy. dhan2                                                                                                                                        

   20 December               846.95                  729.92                 691.99                 575.55              154.95ab   155.37a    18.23a    21.10a

   05 January                807.36                  713.06                 662.39                 587.56              145.18ab   125.50ab   17.96ab   17.76bc

   20 January                649.59                  661.62                 544.86                 557.51              104.73cd   104.10b    16.14b    15.78c

   05 February               584.34                  559.51                 510.55                 498.48              73.79de    61.03cd    12.51c    10.84d

  Hybrid Heera2                                                                                                                                         

   20 December               925.37                  784.71                 746.50                 637.06              178.87a    147.65a    19.39a    18.68ab

   05 January                827.57                  731.06                 666.04                 605.29              158.53ab   133.87ab   19.53a    18.23bc

   20 January                741.76                  662.03                 603.25                 592.38              138.51bc   69.65c     18.68ab   10.57d

   05 February               615.54                  602.53                 595.45                 560.61              53.43e     41.92cd    8.12d     7.00e

  Inbred BRRI45                                                                                                                                         

   20 December               708.36                  596.02                 622.57                 534.09              85.76de    61.93cd    10.85cd   10.29d

   05 January                729.69                  569.71                 640.89                 507.80              61.81e     61.8cd     12.11c    11.03d

   20 January                610.48                  549.82                 540.34                 513.47              70.14de    36.34d     11.32c    6.54e

   05 February               557.94                  518.73                 502.82                 481.91              55.12e     36.82d     10.01cd   7.03e

                                                                                                                                                       

  Variety                    ∗∗                      ∗∗                     ∗                      ∗∗                  ∗∗         ∗∗         ∗∗        ∗∗

  Planting date              ∗∗                      ∗                      ∗∗                     NS                  ∗∗         ∗∗         ∗∗        ∗∗

  CV (%)                     8.82                    8.06                   8.97                   6.59                19.52      21.11      12.69     11.50
  --------------------------------------------------------------------------------------------------------------------------------------------------------------

Within a column, means followed by the same letter(s) are not significantly different at 5% level of probability by DMRT. ^¶^site SAU, Dhaka. ^¶¶^site BRRI, Gazipur.

NS: nonsignificant at 5% level of significance.

^\*^Significant at 5% level of significance.

^\*\*^Significant at 5% level of significance.

###### 

Source-sink relation and postheading crop growth rate of hybrid and inbred rice varieties at different dates of planting in dryseasons, 2008-2009^¶^ and 2009-2010^¶¶^.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variety/planting dates     Ratio of spikelets number\   Ratio of yield sink\   Ratio of GDMCPn\       Postheading\                                     
                             to LA^a^ (cm^−2^)            to LA^a^ (mg cm^−2^)   to LA^b^ (mg cm^−2^)   CGR (gm^−2^ d^−1^)                               
  -------------------------- ---------------------------- ---------------------- ---------------------- -------------------- -------- -------- --------- ---------
  Variety                                                                                                                                                 

    BRRI hybrid dhan2        0.62a                        0.68a                  12.37ab                13.78a               10.03b   10.70b   15.05b    15.57

    Heera2                   0.65a                        0.66a                  13.05a                 13.45a               10.30b   10.33b   16.21a    15.48

   Inbred BRRI dhan45        0.56b                        0.61b                  12.03b                 12.31b               11.56a   12.19a   14.42b    14.77

  Planting date                                                                                                                                           

   20 December               0.63a                        0.69a                  13.33a                 14.18a               10.75    11.40    15.91ab   16.15a

   05 January                0.63a                        0.66ab                 12.71a                 13.28a               10.70    10.93    16.09a    15.76a

   20 January                0.61ab                       0.65ab                 12.57a                 13.45a               10.75    11.23    15.10b    15.27ab

   05 February               0.57b                        0.61b                  10.87b                 11.82b               10.33    10.69    13.90c    13.90b

  Interaction                                                                                                                                             

   Planting date × variety   NS                           NS                     NS                     NS                   NS       NS       NS        NS

   CV (%)                    9.90                         8.83                   8.31                   7.97                 9.36     7.09     8.27      10.26
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------

Within a column, means followed by the same letter(s) are not significantly different at 5% level of probability by DMRT. ^¶^site SAU, Dhaka. ^¶¶^site BRRI, Gazipur.

^a^At heading.

^b^Average from heading to maturity.

NS: nonsignificant at 5% level of significance.

LA: leaf area.

GDMCPn: grain dry matter from current photosynthate.

[^1]: Academic Editor: Chad C. Chase Jr.
